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FOREWORD

Many of the technical activities conducted in this project are conducted by Dr. James Joo,
Research Assistant Professor of Wright State University, under contract F33615-98-D-3210,
Delivery Order No. 45, “Adaptlve Structures — Based on Energy Design (ASBED)” from
AFRL/VAS.

Dr. Brlan Sanders is the AFRL Program Manager (AFRL/VAS) and Dir. Ramana V.
Grandbhi is the prmmpal investigator at Wright State University.

The report addresses the energy based design of morphing aircraft’ structures. The
- following two publications summarize the research accomplishments.

1. Energy Based Efficiency of Mechanical Solid-state Actuators (SPIE

Conference)
2. Air Vehicle Control Using Multiple Control Surfaces (AIAA Conference)



Energy Based Efficiency of Mechanized Solid-State Actuators
Jinyong Joo?, Brian Sanders?, Gregory Washington®, Jason Adams”

@Air Vehicles Directorate, Air Force Research Laboratory, Wright-Patterson AFB, OH 45433
Department of Mechanical Engineering, Ohio State University

ABSTRACT

The research in this study develops an anaysis technique for mechanized solid-state actuators. The methodology’s
strength stems from the fact that it can be applied to a single solid-state actuator or an actuator that is coupled to a
compliant mechanism (mechanized). The technique couples the actuator to any compliant mechanism and it takes into
account interactions between the mechanized actuator and itsload. Thus the methodology can be applied to a myriad of
loaded systems. The anadysis technique is rooted in thermodynamics and thus can be expanded to a wide range of
systems (piezoelectric, eectrohydraulic, €ectrostrictive, magnetostrictive, etc.). The methodology uses energy transfer
as a medium to develop analytical relationships between input parameters and output parameters. Results of the
technique are consistent with existing energy-based techniques and experimenta data.

Keywords: Energy efficiency, Unloaded efficiency, Loaded efficiency, Solid-State Actuators
1. INTRODUCTION

Air vehicles that are intended to function in multiple roles historically have compromised capabilities. Optimal
performance for a multi-role aircraft throughout all phases of a mission profile would require significant geometric
changes in the flight configuration. Current methodologies would yield cumbersome designs in which a few large
actuators would move whole aerodynamic surfaces inefficiently. Recent efforts of the Active Aerodastic Wing
Technology Demonstration Program have shown that the integrated design of the wing structure and multiple control
surface system will yield alighter wing structure that meets all performance requirements. Highly integrated design of a
distributed network of actuators embedded within a compliant structure that utilizes aeroservoelastic effects may yied a
true multi-role air vehicle, capable of near optimal performance in all phases of a mission. To achieve this goal, we will
use the energy as an optimization metric for the distribution of actuators and sensors.

External Load
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Figure 1: A simplified schematic of a mechanism shape change with an actuator under an externa load

The utilization of energy as a behavior function has been employed in the synthesis of actuators [1,2,3], compliant
mechanisms [4], airfoil shape [5], and tensegrity structures [6]. However, the implementation of this metric tends to be
too specific to the problem description or under-estimates the actual energy requirements, to be applied to a genera class
of problems. Also, the energy relations within a system, such as stored energy, transferred energy, and total energy, are

Smart Structures and Materials 2003: Smart Structures and Integrated Systems, 319
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not clearly identified even though they are important factors to define energy efficiency of an actuated system. To better
capture the internal energy relationships, and to provide a behavior function that can be utilized on a variety of problem
descriptions, a new definition is desired for energy efficiency of (externally) unloaded and loaded systems with
actuation.

The energy relations of a typical shape change system of an aircraft wing are investigated to develop a better
understanding of the issues involved in the design of distributed actuation systems. We first develop expressions for the
relationship of the energy required to deflect the control surface in a steady flow field, then proceed to define a new
definition of (loaded and unloaded) energy efficiency and lastly verify the definition with simple experiments. A
simplified schematic of the aerodynamic load and control surface with actuator system is shown in figure 1.

2. ENERGY EFFICIENCY
The unloaded efficiency is a unique value of the mechanism that depends on its structural stiffness and isnot affected by

external load. The loaded efficiency depends on the useful work of a mechanism, which is dependent upon the external
load. This paper will concentrate on the definition of efficiency of a system with a constant external load.

2.1 Actuator (Electrical Ener gy to Mechanical Energy)

A solid-gtate actuator as shown in figure 2 is actuated with a driving voltage, V, with an unloaded output port. The
unloaded efficiency is determined from the eectric energy input into the actuator (figure 2a) and the force transferred
from the actuator to the output port (figure 2b).

"':'IZIZIZIX’ o iﬁ
l |
| T :
A\ AN\

(3 (b)
Figure 2: Actuated System without Mechanism

The energy relations (force versus displacement diagrams) of the solid-state induced actuator are shown in figure 3. The
energy input to the actuator is approximated by:

U, =Ee=AABC=%QV=%CV2 (1)

where Q is a current charge and C is a capacitance of the actuator. The mechanical energy transferred to the output port
(figure 2b) is determined from the displacement at the output port, d°, and the block force, r°, a the fixed output port:

’ 7, ’ 1
U =E, =AAB'C :Edf’rf’ 2
The coupling coefficient that relates el ectrical energy input and mechanical energy output is defined by
. _ Mechanical energy(E,,)

3
Electrical energy(E,) ©)

The performance of a system is frequently represented by its energy efficiency that is defined by the ratio of the useful
work to the input energy. However, the efficiency is not a suitable terminology to define an unloaded system because it
is not performing any “useful” work. Instead, the definition of the unloaded efficiency is introduced for genera cases

320 Proc. of SPIE Vol. 5056



such as a shape change application without external loading. It isa unique value of a system and is always larger than the
loaded efficiency which will be defined in the next section. Based on equations (1) - (3), the unloaded efficiency is
defined as:

pioaded _ Transferredenergy(u }r): AABC’ _dPr’ _ 2 @)
Appliedenergy(u; ) AABC cv?

The maximum unloaded efficiency is obtained when al the electrical energy (input energy) is converted to the
mechanical energy (output energy) thus giving a maximum unloaded efficiency of 100 %.

r

U,

d’

(a) At input port (b) At output port
Figure 3: Energy diagram measured at input and output port of a system

2.2 Actuator coupled with a mechanism (Actuator coupled with alinear structure)

In the previous section, the energy relation of a solid-state actuator is considered alone. The actuator is now attached at
the input port of an arbitrary mechanism, as shown in figure 4, and an induced load is applied to the output port of the

actuator which varies linearly with respect to the deformation (f' = ki, d}, ) of the body as described in figure 4. The
energy output from the actuator to the input port of the body and the efficiency is determined from the stiffness of the

mechanism, k|, , a the input port of mechanism.

Figure 4: Actuator and unloaded mechanism

The energy relations (force versus displacement diagrams) at the input port of the mechanism are shown in figure 5. The
energy input to the mechanism from an actuator is determined from the displacement of the input port, dliI , When the
actuation force, f', isapplied which isequal to or less than the actuator block force, r° (figure 3b). Theinput energy
from the actuator to the mechanism is equal to the transferred energy obtained from figure 2b (figure 5a).

Ul =AABC'= % dPr? (5)
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Attaching an actuator to a mechanism changes the stiffness at the output port of the actuator; hence, the transferred
energy to the mechanism needs to be measured based on figure 4 rather than figure 2. The transferred energy with the
mechanism (the area of A’B’D’) is smaller than the energy without the mechanism (the area of A’B’C’) because the
stiffness at the output port of the actuator is increased (the slope of the line B'D”). The mechanical energy transferred

from the actuator,U ", is determined from the displacement at the output port, dliI , and the reaction at the fixed output
port, r° (figure 4):
UY =AABD = 2dir? (6)
2

Here, the lope of the line B’'D’ and A’E’ represent the stiffness of the actuator at the output port and the stiffness at the
input port of the mechanism, respectively.

(a) Output energy of actuator (from figure 2b) (b) Actual input work to the mechanism

Figure 5: Energy diagram measured at input and output port of a system

Given the assumption that energy is either transferred or stored, the stored mechanical energy inside of actuator is
U ft' = Stored mechanical energy in the actuator
=(ANB'C’ - AAB'D’)

The total transferred mechanical energy from the actuator is

u ,"' =Transferred mechanical energy fromthe actuator )

=AA'BD’

The total mechanical energy of the actuator which is the sum of the actuator’s sored and transferred energy is defined
geometrically as

(")

Ul =U¥ +U" = (AAB'C'- AAB'D’)+ AKBD’ = AABC’ = %d or?° )
The actual work done to the mechanism to move theinput port in the amount of dliI is
U :AA’E’D’:lfid,il (10)
2

The energy relationships of the system consisting of an actuation force and a mechanism is identified by eguations 6
through 10, and based on the diagram in figure 5, the unloaded efficiency of the actuator is defined using useful work

U that isthe stored energy in spring:

loaded (spring) _ Usa‘ulwork(U ,a“) B Transferredenergy(u I )Usa‘ul WOI’k(U ,a“)

! - Appliedenergy(U{ )_ Appliedenergy(u,i ) Inputenergy(U {) (11)
_ AA'B'C’ ANE'D’ —K2 d,ll f! (.

TS~ \\M’lerefi:k:,d“i)
AABC AABTC’  dor?

n
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The useful work is determined according to the stiffness of the mechanism; If the stiffness of k|, isvery small (k| <<
1), the useful work will be closeto zero since the spring force, f ' iscloseto zero. In the opposite caseif ( kliI >>1), the
useful work still is close to zero because d!, is close to zero. The area of the useful work becomes maximum when the
stiffness, k|, (theslope of A’E’), issameasthe slope of B'C’. At that moment, theinput force, f',isequal to half of the
transferred force, r°, and the useful work, U2 (area A’'D’E’), is half of the maximum transferred energy, U " (area

A’B’D’), and thisis a quarter of the maximum transferred/input energy (the area of A’B'C’), i.e,, 25% when k? is equal
to one.

2.3 Mechanism (M echanism without external for ce)

For the following two sections an arbitrary mechanism is focused with a constant actuation force. A mechanism as
shown in figure 6 has an actuation at its input port and an unloaded output port. The unloaded efficiency is determined
from the energy input to the mechanism from an actuator at the input port (figure 6a) and the force transferred from the
actuator to the output port (figure 6b). Note we assume that the force r/{ is the force that would be measured if the

mechanism were constrained and not allowed to move. Since the mechanism is not loaded this force isfictitious (and is
represented by a dotted line).

(b)

Figure 6: Unloaded Actuated mechanism

The energy relations (force versus displacement diagrams) for the input port and output port are shown in figure 7. The
energy input to the mechanism from an actuator at the input port (figure 6a) is determined from the displacement of the

input port, dliI , and the actuation force, f':

Ul :AA’E’D’:%dfl fl=yp (12)
The mechanical energy transferred from the actuator to the output port (figure 6b) is determined from the displacement
at the output port, d,j , and thereaction at the fixed output port, r

Ul = AFGH :%dﬂrﬁ (13)
Given the assumption that energy is either transferred or stored, the stored energy inside of mechanismis
Ul = Sored energyinthebody = (AA'E’'D’— AFGH ):%dfI fl —% or° (14)
Thetotal energy isthe sum of the stored energy and the transferred energy:
I =UY+Ul =(ANE'D’ - AFGH )+ AFGH = AKE'D’ = %dfl fl (15)

Based on equations 12 to 15 and based on the diagram in figure 7, the unloaded efficiency is defined as.
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nloaded _ Transferredenergy(u i )_ AFGH _ dfr?

 AppliedenergylU), )  AAED’ di f
The maximum unloaded efficiency is obtained when the input energy is transferred to the output port without storing
energy (U fl =Uﬂ ) inside the mechanism. An example of thisis an extremey iff body that connects the input and
output port with avery flexible (hingelike) link that connects the body and ground. The transferred energy (U H )isatits
maximum, which trandates to a maximum unloaded efficiency of 100 %.

u

m (16)

o E

o]
M

A D’ F

dy°

(a) At input port (b) At output port

Figure 7: Energy diagram measured at input and output port of a system

2.4 Mechanism with an external load (M echanism with a constant exter nal force)

An arbitrary mechanism, as shown in figure 8, with an actuation input port and an externally loaded output port is
considered. The loaded efficiency is determined from the energy that isinput to the mechanism from an external load at
the output port (figure 8a), the force transferred from the external load to the input port (figure 8b), the energy input to
the mechanism from an actuator at the mechanism’sinput port (figure 8c), and the force transferred from the actuator to
the output port (figure 8d). The simultaneous combination of forces and displacements at the input and output ports of
the externally loaded, actuated mechanism are shown in figure 8e.
fO

v

® f

(d) f
Figure 8: Loaded actuated mechanism with an externa load
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The energy relations (force versus displacement diagrams) for the input port and output port are shown in figure 9. The
energy input to the mechanism from an external load, f°, at the output port (figure 8a) is determined from the

displacement of the output port, dﬁ' , and the external load, f°:

ﬁ:AFJF':%dﬁ'fO (17)
Here, the materid stiffness at the output port (slope of the line FJ) is assumed to match with the slope of the line GH for
alinear system. The energy transferred from an externa load, f°, to the input port (figure 8b) is determined from the

displacement of theinput port, dfl , and thereaction force at the fixed input port, rliI :

Ul = AAIA” =% L (18)
The energy input to the mechanism from an actuator at the input port (figure 8c) is determined from the displacement of
theinput port, d}, , when the actuation force, f', isapplied without external loading, f °:

" ANED = ANE'D”=1d] ' =U] (19)
2
The energy transferred from the actuator to the output port (figure 8d) is determined from the displacement at the output

port, d,j , and thereaction at the fixed output port, r; :

Up =AFGH =AF'G'H '=% are (20)

To guarantee positive output displacement, the transferred energy from the actuator must be greater than the energy
input to the mechanism from an external load, f °, at the output port:
Ueg >uj (21)

E/
k|
|
|
|
|
| N
D’ ~
1 : > ~ H
! 4
d" T
U, (FH'LK)
(@) Input port (b) Output port

Figure 9: Energy diagram measured at input and output port of a system

The stored energy insde of the mechanism from the actuation energy is
UY =Sored energy by actuation

7| ’ /4 /) 4 (22)
= (AA ED - AFGH )
The total transferred energy by the actuator to the output port is
tr’ _ :
U, =Transferred energy by input (23)

=AFGH’
Thetotal input energy from the actuation is
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Ui =Uj =U§ +Uff
=(ANED’-AFGH’)+AFG'H’ (24)
=AAED’
The energy relationships (shown in figure 9) for the system experiencing an actuation force and external loading is
identified by equations 17 through 24. Theloaded efficiency of the system is defined as.

loaded US€fU| V\Drk (U IaIlCt) FH ,LK do” f 0
m = N = (25)
Input energy (U;, ) AAED'(=AAE'D”) 1 d f
2

The loaded efficiency depends on the external load because the useful work is determined according to the external
force; If the external load is large, the output displacement is small, then, the output work is small due to the small
displacement. If the external load is small, the output displacement is large but it is not doing much work because the
force is small. Therefore, the maximum efficiency is found where the external load and displacement are unbiased. The
maximum loaded efficiency is obtained when the input energy is transferred to the output port without loosing energy
(U'=U;) and the external load, f°,isequal to half of the transferred force, r°, when output port is fixed. When this

occursit can be shown that the useful work (U i) isat its maximum, which trangates to aloaded efficiency of 50 %.

For certainactuators such stack PZT’s, the maximum efficiency may be a value other than half of the transferred force,
r). For small forces, the stiffness of piezoceramic depends on the spring constant which relates the influence of the
externa load to the dimensional change of the material. For larger forces, it is necessary to include an additional term
describing the polarization of PZT ceramic, which is affected by both the drive voltage and external forces. Thisleadsto
the fact that the slope of G’H’ of actuatorsis not necessarily equivalent to the stiffness of PZT ceramic itsdf. When the
stiffness of the piezoceramic (the slope of the line FJ) is smaller than the slope of G’H’, the maximum efficiency may be
found at an external load, f °, that islessthan the half of the transferred force, r,}, and vice versa (Figure 10aand 10b).
In this paper, the stiffness is assumed to be equal to the spring constant of the materia regardiess the range of driving
voltage or force to ssimplify the problem. Also, note that the rest of energy is used to deform the structure and stored in
the body as a strain energy form. This energy will be used to recover the actuator back to its original undeformed shape

when the electrica voltage and external load are removed, hence, this energy is not exactly lost. However, thisenergy is
considered as aloss for now because it isnot transferred to the output port and used to perform work.

Un™® (FH'LK) U°* (FH'LK)

(b)

Figure 10: Energy diagram for PZT actuators

2.5 Total efficiency
Theloaded efficiency of the system in figure 1 isnow defined as
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e _ Useful work (Uﬁ“)_ FHLK _ dg f°
7" Inputenergy (U)) AABC 1.,

(26)

This can be expressed as
act
oaces USEUl WOk L)

o= Input energy (U} )

U lalct U Iallaj act i’
= —| — U™ =U 27
{Ull j{ulll ( | ”) ( )

loaded(spring) ,,loaded(const)

=1 Ui
The total efficiency is the multiplication of the loaded efficiency of the actuator and mechanism. Note that the loaded
efficiency is used for the tota efficiency calculation rather than unloaded efficiency. When the actuator and mechanism
are designed separately and combined together, the interactions between actuator and mechanism need to be considered
in advance to calculate the total efficiency using the equation 27. Knowing that the maximum of the spring loaded
efficiency of the actuator and maximum of the constant loaded efficiency of the mechanism are 25% and 50%
respectively, the maximum efficiency of the simplified adaptive structure model in figure 1is

(), = (o) (o) (2506)(50%) = 12.5% (29)

3. EXAMPLES

In this paper the unloaded and spring-loaded efficiency of an actuator is calculated. We choose a high displacement
piezomotor actuator (Part # 300HD) manufactured by Kinetic Ceramics for thistest. The unloaded efficiency is obtained
based on data provided by the vendor and the force-displacement plot of the actuator is obtained using springs with three
different tiffness.

The maximum electrical input energy is calculated based on equation 1:

i 1 1 1
Uj = E,=AABC=_QV =-CV*="(0.56x10" F)1000 V) =028
The maximum mechanical output based on eguation 2:
U =E,_ = ANBC = %df’rf’ - %(300><1o—6 m)(445 N) = 0.0667 J
Therefore, the maximum unloaded efficiency of the actuator based on vendor information based on eguation 4:
t

prioaced _ Transfe.rred energy(u ! ) _ 00667 _ 0.2382 = 24%
Applledenergy(u | ) 0.28
The maximum driving voltage for the loaded efficiency test was 600V and the displacement is measured at a frequency

of 0.005 (Hz) in order to make the results quasigtatic. Three different springs are used to get the force displacement
curve and they arelinearly fit to the three data points. The input energy for thistest is

Ul = E, = AABC =%QV =%cv2 =%(O.56><10‘6 Fle00V)? =010

The maximum force and free displacement from the curve are 105 (N) and 0.107 (mm), respectively. Based on these
numbers the transferred energy when actuator is driven at 600 (V) is 0.0056 (J), which is about 23% of the energy its
supposed to be (0.5 * 445N*0.6 x 300um*0.6 = 0.024 J). More experiments are required to figure out the reason but we
will focus on trends of useful work as stiffness changes in this paper. The useful work to deform each spring based on
equation 10 with test data:

U)o =% fid} =%(25.3N)(0.0789mm)= 0.0010J

U)o =0.00143 and (U3), e =0.0013
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Therefore, the spring-loaded efficiencies of the actuator based on equation 11:
act
ey =P Q00050 195
K=320 U, 0.10J

(n:oaded )K:esoo =0.014 (1'4%) and (n'loaded )K:1285 =0013 (1'3%)

Table 1: Specification for 300HD

High displacement piezomotor actuator (300HD)
Max. voltage Max. displacement Capacitance Max. Force
1000 V 300 um @ 1000V 0.56 uF 445N

Computer

0.12

Piezo Driver / Amplifier SigLab (Data Aquisition Board)
Function Generator
[ ——

0.1,

‘ 9@o00m=llooae ‘

0.08-

Actuator Holder 3 _ K=1285kN/mm
g 006f 3.
g N
K=600kN/mm
0.04} X
Spring ‘\\
Piezo Actuator \X\K—320kNmm

0.02-

0 L L L L L h
0 0.02 0.04 0.06 0.08 0.1 0.12

Displacement (mm)

Figure 11: Experiment setup and results plot
4. SUMMARY

The unloaded and loaded efficiencies of uncoupled and coupled actuator-mechanism systems are defined for a general
class of problems. The maximum efficiencies of the uncoupled actuator or mechanism are 25% for the spring-loaded
case and 50% when a constant force loaded case with alinear force-displacement relation, static loading conditions, and
a piezoelectric coupling coefficient, k? of one are assumed. Experimental validation of this methodology is described
using a PZT motor and an external spring, which models the spring loaded actuator. The efficiency found in the
experiment ison the order of 1.5%. At thistimeit isthought that the discrepancy is due to the nonlinear response of the
force-displacement curve of the actuator, which is a result of the interna displacement magnification mechanism.
However, further investigation isrequired to valid this observation. Also the maximum efficiency of the simple adaptive
structure model under a constant external load is derived as the product of maximum loaded efficiency of each
component. It isshown that the maximum efficiency is 12.5%.
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Air Vehicle Control Using Multiple Control Surfaces

Brian Sanders'', Greg Reich? | Jinyong Joo®®, Frank Eastep§§
Air Force Research Laboratory, Wright-Patterson AFB, Ohio 45433

This project is investigating the use of wide span, smoothly varying control surfaces placed
on the leading and trailing edges of a wing to control cruise and maneuver performance of a
representative combat unmanned vehicle. The purpose of the research is to understand the
desired mechanical characteristics as well as the optimum deflection distribution in the
spanwise and chordwise directions. In particular we are looking for the shapes of the
control surfaces such that roll, pitch, and yaw control are maximized while the necessary
input energy (actuator) is minimized during maneuvering phase of a mission, We are also
looking at using the same set of control surfaces to minimize the induced drag during the

. cruise portion of the flight. Several objective functions where investigated to gain insight
into minimizing the actuator requirements. The optimization schemes satisfied equilibrium
conditions. Results indicate that multiple control surfaces have the potential to offer greater
flexibility to the aircraft designer for controlling a vehicle over the entire flight spectrum,
and that the distribution is strongly dependent on the selected objective function.

Nomenclature
b Span (ft)
c Chord (ft)
S Wing area (ft) .
C, Lift coefficient due to angle of attack
- C L, Roll moment coefficient due to roll rate

Crs  Roll moment coefficient due to control surface deflection
cs

L Lift (1bs)
M, Hinge moment (ft-1bs)
P Roll rate (deg/sec)
Us Free stream velocity (ft/sec)
P Free stream density (slugs/ft’)
q Dynamic pressure (psf)
a Angle of attack (degrees)
d Control surface deflection (degrees)
1. Introduction

Since the late 1970’s researchers have investigated a few options for controlling an aircraft using multiple
control surfaces in a coordinated fashion. The Mission Adaptive Wing' (MAW) program was perhaps the first
program to demonstrate multiple control surfaces that where smoothly contoured in the chordwise direction. In this
program the trailing edge was segmented into three discrete segments. This enabled a spanwise distribution of
control surfaces for use during cruise and maneuver segments of flight. The vehicle was also configured with a
single, smoothly contoured leading edge control surface that ran the entire semispan of the wing. The MAW
program flight program demonstrated large improvements in the performance of a supersonic fighter in the transonic

regime,
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Another exciting program using multiple surfaces is the Active Aeroelastic Wing? (AAW) program. AAW
technology takes advantage of the energy in the airstream to control the spanwise variation of twist on a wing. This
is currently accomplished using four control surfaces on each semispan of the wing — two on the leading edge and
two on the trailing edge. The AAW program has demonstrated in wing tunnel experiments that smaller control
surface deflections are possible while still maintaining high control power. This translates into lower actuator power
required and less wing weight. '

' Improvements in actuator technology have lead to more innovations in control surface design. One such
demonstration of this is the Smart Wing program®. In this program, piezoelectric based ultrasonic motors were
integrated into a novel control surface design. The trailing edge of a representative unmanned combat air vehicle
was configured with 10 of these control surfaces. This technology enabled a smooth variation in both the chordwise
and spanwise directions while meeting deflections and deflection rates required for control of the UCAV.

The Smart Wing program primarily focused on the mechanical aspects of the technology. We still need to
explore the design space before we understand how to apply it. The main objective of the current research is to
further explore the use of these control surfaces using some of the lessons leamed from the MAW and AAW
programs. This paper will deal specifically with the roll and drag performance of an air vehicle enabled with the

Smart Wing Technology.

II.  Analysis Tools and Model Configuration

Two optimization problems are addressed in this paper. The first is for roll control and can be expressed as

min  f(y) ' e
Subject to:
b : .
L 2pU - +2.C, 8,=0 (2a)
ay’ +by+c=z (2b)
5max < §i s 5min (20)

Equation (2) is the trim condition that satisfies equilibrium for a steady roll rate. Equation three is a constraint that
forces the distribution of displacements in the spanwise direction to assume a second order shape, and equation (4)
represents the deflection limit for any control surface. Several minimization functions /()3 have been explored.
The first is the minimization of displacements, which can be expressed as

n 2
f()=2.9 (32)
i=1
The second is the minimization of the hinge moment
S 2
f)=).M; (3b)
i=l

The third is minimizing work, which was looked at two ways as shown below

f)=2 (30
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fO)=3W, o G)

The second optimization problem is drag minimization for a cruise or loiter condition, which can be expressed as

: 2
min Z {Lelliplic }— L compted ' _(4)
Subject to: |
gs(c,a+y.C,5)=w ()
ay* +by+c=z r(5b)
0., S0, 20, (5¢)

For this situation, the objective function is the difference between an elliptic lift distribution for a rigid wing and that
distribution that would occur on a flexible wing. This is accomplished using the multiple control surfaces to
redistribute the aerodynamic loads. The constraint simply describes the flight vehicle equilibrium in level,
unaccelerated flight. :

The semispan platform selected for this investigation is shown in Figure 1. This is a flying wing

- configuration and is considered representative of typical UCAV. Since we are primarily interested in aeroelastic

effects, we selected a simple 11 node, beam-rod representation of the wing structure. It is located at 40% of the
chord. The distribution of structural properties is given in Fig. 2. The fuselage component is assumed to be rigid.
The control surfaces compose 25% of the chord on leading and trailing edge of the wing surface. The dash line in-
Figure 1 shows the actual location of the wing tip. The aerodynamic grid was modified as shown in the figure to
allow for a better panel representation in the streamwise direction in this location. o

Parameters selected for the analysis where those that are considered typical of a vehicle conducting a
hunter-killer mission. For example, the vehicle may cruise and loiter at a moderate altitude and than dash and
maneuver at a low altitude. For this paper, the swept wing configuration (Fig 1a) is investigated for a sea level dash
at a Mach number of 0.8 . The necessary aerodynamic coefficients were found using the Automated Structural
Optimization System® (ASTROS). ASTROS is a finite element based program with integrated aerodynamic panel
methods. The optimization problem was then solved using MATLAB since ASTROS does not currently solve the

type of problem we are investigating.

Figure 1 Representative UCAV Aerodynamic Planform
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Figure 2 Wing Bending and Torsion Stiffness Distribution
III. Results and Discussion

Roll Performance

Before proceeding into multiple surface configurations on the representative flight vehicle, we investigate
the optimization scheme on a flexible straight wing with only one leading and one trailing edge control surface. The
wing has a semispan of 20 feet and a chord of 6 feet. Each control surface has a 10 foot span and a 1.5 foot chord.
The structural properties can be found in Ref 5. Figure 3 shows the control surface displacements as a function of
the dynamic pressure computed using the optimization routine described above, Figure 3a (left side) shows the
displacements resulting from minimizing the displacements while Figure 3b (right side) shows the displacements
resulting from trying to minimize hinge moment. '

The result obtained here for the minimum displacement is similar to those found in Ref 5. The trend
appears to be dominated by the effectiveness of the trailing edge control surface. For example, as the dynamic
pressure increases and the roll moment coefficient of the trailing edge reduces, so does the amount of deflection that
the optimization scheme produces for this control surface. At the point where the control surface reverses,
approximately 300 psf, the trailing edge control surface has a zero deflection and all of the roll authority comes from
deflecting the leading edge. The magnitude of the control surface displacement resulting from a minimization of the
hinge moments is on the same order. However, the scheme continues to utilize the trailing edge surface even when
it is not particularity effect. This is a result of the magnitude of the overall hinge moment which is discussed next.
Similar plots are presented in the talk related to the optimization based on work.
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Figure 3 Control Surface Deflections for (a) Minimizing Displacement, (b) Minimizing Hinge Moment
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Figure 4 shows the trend in the hinge moments for each of the two cases discussed above, It can be
observed that the peak hinge moment occurs for the case when we were trying to minimize the displacement. It is
interesting to observe the trend in the hinge moment for the leading edge contro} surface when the hinge moment is
trying to be minimized. The hinge moment is very small over most of the dynamic pressure regime investigated.
This is most likely the result of the low aerodynamic force on the leading edge in these conditions, which results
from the nose down pitching moment induced when the trailing edge is deflected. More investigation into the
aerodynamic pressure profiles needs to be performed to verify this observation.
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Figure 4 Hinge Moment Distributions for (a) Minimizing Displacement, (b) Minimizing Hinge Moment

Figure 5 shows the distribution of the control surface deflection for the representative UCAV. This is for
the case when the objective function is trying to minimize displacement. When one follows the shapes as the
dynamic pressure is increasing, the trends are similar in nature to what was seen in the two control surface case
discussed above. Figure 6 shows the distribution for the case when the hinge moment is being minimized. It is
interesting to note that the leading edge wants to deflect downward in this case, which is a different from the two
control surface case. Both cases illustrate that the control surface wants to obtain a range from linear variation to
parabolic, which is precisely the capability that the Smart Wing control surface concept. Figures 7 and 8 show the
trends in the hinge moment trends for each case. The peak hinge moment for the trailing edge is increased for the
case when it is the objective function, but the leading edge hinge moment is dramatically reduced for this case.

10(
0 7 sl
5 g
E o
2 g
3 =
5 o
g k] |
H [
€ 9 (psh £ 4
o —— 500 o I
e 1000
1500 .
- 2000 : ] e 2000
s - : 2500 B
: - - ~-- 3000 . - ~ — 3000
"""" 3500 5L - — -~ 3500
L 4000 — — —~ 4000
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Drag Performance

_ Figure 9 shows the typical lift distribution obtained for the UCAV dash condition. The solid line represents

the theoretical elliptic distribution while the dashed line shows that obtained for the flexible wing by a coordinated

. deflection of the control surfaces. It can be observed that the distribution on the wing (e.g., greater that 6 feet) is
‘nearly elliptical. Also, this distribution is obtained for most of the fuselage area. A bad fit occurs in the area where
the fuselage and wing join. It is unclear at this point the exact source of this, but future work will include
considering control surfaces on the fuselage area. This may be required for other aspects of control too such as pitch
and yaw. It should be noted that the angle of attack was considered in the optimization routine, but the large area of
the fuselage resulted nearly zero angle of attack in all cases (e.g., dynamic pressure range). Figure 10 shows the
control surfaces deflection patterns for this objective function. Again, it is demonstrated that a smooth variation of

control surfaces is desired for this case too.
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IV. Summary and Future Work

This research investigated the use of smoothly varying, spanwise control surfaces. The work was inspired by
the DARPA funded Smart Wing Program. Several optimization formulations where investigated to gain insight into
different methods to optimize the hinge moments and vehicle performance. In the long run this is expected to help
select and size actuators for the air vehicle system. It was demonstrated that for roll and cruise performance that a
large span control surface wants to configure itself into many shapes ranging from a linear variation to a parabolic
distribution. Also, it was demonstrated that the control surfaces could control the vehicle well within the deflections
achieved during the Smart Wing Program. Further work needs to be explored in the area of understanding pressure
distributions and the impact on actuator sizing as a result of the different deflections and hinge moments

V. References

1. Hall, J. M., “Executive Summary AFTI/F-111 Mission Adaptive Wing,” Wright Research Development
Center, Wright-Patterson Air Force Base, WRDC-TR-89-2083, September 1989.

2. Miller, G.D. 1988, “Active Flexible Wing (AFW) Technology,” Air Force Wright Aeronaut1cal
Laboratory, TR-87-3096, Wright-Patterson-AFB, OH.

3. Kudva, J,N., “Overview of the DARPA/AFRL/NASA Smart Wing Project”, Journal of Intelligent Material
Systems and Structures Vol 15 No 4, April 2004

4. Johnson, E. H., and Venkayya, V. B., “Automated Structural Optimization System (ASTROS) - Vol. 1:
Theoretical Manual,” AFWAL TR-88-3028, Air Force Wright Aeronautical Laboratory, Wright-Patterson

Air Force Base, 1988.

5. Anderson, G., Forster, E., Kolonay, R., and Eastep, F., “Multiple Control Surface Utilization in Active
Aeroelastic Wing Technology”, J. of Aircraft, Vol 34, No 4., July-August 1997

American Institute of AeroE%utics and Astronautics



	Foreword.pdf
	Untitled




